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Abstract 
A new plasma electrolytic deposition process working at atmospheric pressure has been 
developed for the growth of titanium dioxide coatings composed of nano-rods and nano-
particles. By controlling the plasma discharge intensity, the treatment time and the 
initial titanium concentration in the liquid solution, we have been able to produce a 
large range of structures and morphologies that must be promising in various 
technological applications, from nano-electronics to solar cell technologies. 
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1. Introduction 
The production of titanium dioxide coatings has attracted much attention over the past 
twenty years due to its many advantageous physico-chemical properties. Its high 
dielectric constant, wide band-gap and high electron mobility can be applied in a large 
range of application such as micro-electro-mechanical systems (MEMS), dye-sensitized 
solar cells and photo-catalysis application. In most of these applications, the sensitivity 
and efficiency of this coating is proportional to its surface area. Nanorod, nanotube or 
nanowire coatings offer a large surface area making these films highly competitive. A 
large quantity of publications has therefore been focused on the production of nano-
structured titanium dioxide using different techniques such as Chemical Vapor 
deposition (CVD), Plasma Enhanced CVD (PECVD) and sol-gel coating deposition [1-
8]. The main drawback of these techniques is that the processing time remains relatively 
long, up to several hours, and operates generally at low pressure (CVD, PECVD), 
making these methods quite expensive.  
A new plasma electrolytic deposition technique has been developed during the past few 
years in anodic [9-12] and cathodic [13-18] configuration. This technology is based on 
contact glow discharge electrolysis phenomena, thoroughly developed and studied by 
several authors over the past 40 years [19-23].  
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In cathodic configuration, this plasma process allowed the production of nitride, carbon, 
titanium, molybdenum, zinc and zinc-aluminium based coatings on metal substrate [10, 
13-18]. Nano-crystalline graphite films have already been deposited by the authors on a 
Ti, Al or Cu cathodic substrate from solutions composed of ethanol, potassium chloride 
and phosphate buffer [13, 24]. The high field emission observed with these graphite 
films could have application for the manufacturing of high field emission electrodes for 
plasma devices such as microwave reactors. In this paper, we have investigated the 
structure and composition of coatings produced from a solution composed of titanium 
tetra-isopropoxide (TTIP) and ethanol. We demonstrate with this work the feasibility of 
this new atmospheric process to deposit amorphous or crystalline titanium dioxide films 
composed of nano-fibrils or nanorods. This paper aims as well to reveal the flexibility 
of the system for the control of the nanostructure of the deposited coatings by adjusting 
the processing parameters, such as the applied voltage, the composition of the initial 
chemical solution or the treatment time. This process is a novel technique for the 
production of TiO2 thin films which can have very promising applications in 
photocatalysis and dye-sensitised solar cells.  
2. Description of the plasma process 
The basic principle of the plasma electrolytic deposition system is to apply a high 
voltage between two electrodes immersed in a liquid electrolytic solution at atmospheric 
pressure. The surface area of the cathode being much lower than the anode one 
(Acathode/Aanode=0.08), the electric field is higher near the cathode inducing a strong 
Joule heating in the vicinity of this electrode which triggers the formation of a vapour 
sheath around the cathode. As the electrical conductivity of this vapour sheath is much 
lower than the electrical conductivity of the liquid solution, the voltage drop occurs 
primarily within the vapour sheath. If the applied voltage is sufficiently high, the strong 
electric field will cause the initiation of a plasma glow discharge within the bubble. This 
plasma discharge dissociates the surrounding vapour phase to produce a continuous 
coating at the surface of the cathode. The plasma electrolytic reactor (Figure 1) has been 
described thoroughly in reference [13]. The cathode is a 3.1 mm diameter Cu metallic 
rod. For the production of titanium dioxide films, a solution composed of titanium 
tetraisopropoxide (TTIP, Ti(OC3H7)4, Sigma-Aldrich, 97 %), absolute ethanol (EtOH) 
and hydrochloric acid has been used. The 97 % TTIP solution was distilled and stored 
under nitrogen. The function of hydrochloric acid is mainly to adjust the electric current 
in the liquid phase. The cathode was treated in the plasma reactor for 300 to 900 
seconds at a maximum voltage varying from 400 to 700 V 
The analysis of the structure and composition of the films produced with the 
process has been carried out by visible Raman spectroscopy. Visible Raman spectra of 
the solid samples were measured using the 633 nm HeNe laser line of a Renishaw 
Raman microscope with 50x objective, which gave 8 mW power at the sample. 
The analysis of the morphology and composition of the samples was performed by 
Scanning Electron Microscopy (SEM) using a FEI Quanta 200 Environmental SEM.  
Surface analysis was carried out on the films without further preparation.  X-Ray micro-
analysis has also been performed with the same analytic system. 
3. Influence of plasma discharge intensity 
In a previous paper [24], we have demonstrated that the density and intensity of the 
plasma discharge in an ethanol solution gradually increases with the applied voltage. 
For a solution composed of TTIP (40 % vol.), EtOH (59.8 %) and HCl (0.2 %), the 
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plasma discharge is initiated at 500 V from the tip of the cathode. As we can see in 
figure 2, different stages can be identified from the evolution of the current with the 
applied voltage. Initially (stage A-B in Figure 2), the solution is heated by the Joule 
effect. After some time, a vapour sheath is created around the cathode effectively 
insulating this electrode from the liquid electrolyte solution (point B in Figure 2) [14]. 
As the electrical conductivity of this vapour sheath, composed of a cluster of gas 
bubbles, is much lower than the electrical conductivity of the solution, the total 
resistance of the liquid/gas system increases dramatically leading to a steep decrease of 
the electric current (region B-C). When the applied voltage rises, the thickness of the 
vapour sheath increases, inducing an increase of the resistance of the gas phase and then 
a decrease of the electric current. This is observed in region C-D. Due to the different 
conductivity between the gas and the liquid, the voltage drop occurs primarily within 
the vapour sheath, inducing a strong electric field within the separated bubbles. If the 
applied voltage is sufficiently high, the electric field within the bubbles will cause the 
ionisation of the gas and the electronic avalanche process leading to the electrical 
breakdown of the gas and the initiation of a plasma discharge within the bubble (point 
D). Once the discharge is initiated, it stretches along the cathode as the voltage rises 
(region D-E). The plasma discharge created in this electrolytic plasma process presents 
all the features of an abnormal glow discharge: once the cathode is covered entirely by 
the plasma discharge (point E), increasing the voltage implies then extracting more 
electrons per unit surface area, leading to an increase of the current density (region E-F). 
After point F, the average current intensity remains relatively constant with the applied 
voltage. The plasma discharge created in this process provides then more heat and 
dissociation as the applied voltage increases. The cathode has then been treated at 4 
different voltages (400, 500, 600, 700 V) in the solution described above. At 400 V, the 
voltage is not sufficient to initiate a plasma glow discharge at the surface of the cathode. 
For voltages higher than 400 V, the plasma discharge can be initiated and its surface 
density and intensity climb up with the increasing voltage. Figure 3 presents the 
evolution of the morphology and structure, respectively measured by SEM and Raman 
spectroscopy, of the produced coatings. We can notice a significant evolution of 
morphology and structure with the applied voltage. 
The five produced coatings are all composed of a network of nano-fibres whose density 
dramatically rises once the plasma discharge is initiated within the vapour sheath. The 
diameter of the nano-fibres remains relatively constant and independent of the applied 
voltage, approximately equal to 200 nm. At 400 V, below the breakdown point, the 
concentration of the nano-fibres is relatively low: the nano-fibres are sparse, not densely 
packed, and the direction of their axis is randomly distributed. We can observe as well 
the formation of nano-particles inserted between the nano-fibres (figure 3a).  
At 500 V (figure 3b), when the plasma discharge has just been activated, the coating is 
composed exclusively of disoriented bundles of nano-fibres with a low concentration of 
nano-particles. These fibres keep however a quite random orientation. At 600 V (figure 
3c), the coating acquires a high density of nano-fibres. At this voltage, the nano-fibres 
begin to obtain the same relative orientation, perpendicular to the substrate surface, and 
strongly adhere together to form a dense and packed network of fibres. From 600 to 700 
V, the plasma discharge intensity has been multiplied by 2.5, and, at 700 V (figure 3d), 
it provides a significantly large quantity of energy to fuse the nano-fibres together and 
form a dense coating. Its surface is very granular and we can still observe the presence 
of protruding nano-fibres. 
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From the Raman spectra, it is revealed that all the deposited films are composed of 
titanium dioxide. At 400 and 500 V, the coatings are mainly composed of amorphous 
titanium dioxide characterised by the four very broad peaks at 190, 426, 598 and 890 
cm-1. When the plasma discharge gets denser and more intense, amorphous titania is 
gradually converted to anatase. At 600 V, the peak at 190 cm-1 narrows and shifts 
toward lower wavenumber at 156 cm-1. This narrow peak is attributed to the Eg 
vibration of anatase [25-27]. At this voltage, the film is therefore composed of a mixture 
of anatase and amorphous titania. Two other peaks at 1330 and 1588 cm-1 coming from 
graphite-like carbon appear as well in this coating. This graphite comes from the 
dissociation of ethanol or TTIP. At 700 V, the deposited coatings are highly crystallised 
composed of a mixture of anatase (peaks at 152, 199, 390, 504 and 626 cm-1), rutile 
(peaks at 230, 442, 607 and 803 cm-1) [25-27] and graphite-like carbon. 
The plasma discharge created in this reactor is an abnormal glow discharge providing 
then to the substrate a significant quantity of energy. As the voltage increases, this 
discharge is then close to thermal plasma. If the energy released in the system is too 
high, the nano-fibers produced at lower voltage melt or fuse together to form a dense 
coating. We can then deposit a large range of coating by acting on the discharge 
intensity. The interesting feature is that, due to the high quantity of energy provided to 
the substrate, the reactor allows the production of crystallised coatings. 
4. Influence of the TTIP initial concentration 
A solution composed of 60 % vol. of TTIP, 39.4 % vol. of ethanol and 0.6 % vol. of 
hydrochloric acid has then been treated by the plasma discharge to observe the influence 
of titanium initial concentration on the morphology. The HCl content in the solution has 
been adjusted in order to get for a given voltage the same current intensity, and 
consequently the same discharge power, as the solution composed of 40 % TTIP. The 
produced coatings have been characterised by SEM (figure 4).  These films are much 
denser than the previous ones. At 400 V, without the plasma discharge, the coating is 
composed of a dense network of nano-needles (same diameter as in the 40 % TTIP 
solution) almost fused together. These needles acquired the same average orientation 
perpendicular to the cathode surface.  
At 500 V, the surface is still granular but gets smoother. The alignment of the nano-
fibers is still conspicuous through the cross section of the coatings. The high 
temperature achieved by the plasma discharge has however fused the fibers together. As 
we increase again the applied voltage and thus the discharge intensity, the nano-
morphology of the coating disappears to be replaced by a very dense coating composed 
of shallow grooves and asperities (600 V). The pre-deposited nano-fibers have utterly 
melted together under the effect of the very high temperature in the discharge. The 
roughness of the surface has decreased and some nano-grains, mostly formed in the 
vapour phase and deposited on the substrate, can be observed at the surface. At 700 V, 
the coating maintains the same appearance as at 600 V. A higher concentration of nano-
grains protrudes at the surface but the surface acquired an even smoother shape with 
less crevices and ridges than at 600 V. The four produced coatings present a large 
quantity of deep cracks due to the high thermal gradient induced at the end of the 
process. This problem could be avoided by controlling more thoroughly the solution 
temperature once the plasma discharge is deactivated.  
The titanium concentration in the initial liquid solution has therefore a dramatic 
influence on the morphology of the deposited coatings. As this concentration rises, the 
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density of the nano-rods soars up dramatically leading either to tip-shape like, granular 
or smooth surfaces according to the applied voltage.  
5. Influence of treatment time 
Three different coatings have been produced from a solution composed of TTIP (40 % 
vol.), EtOH (59.8 % vol.) and HCl (0.2 % vol.) at 600 V, respectively for 300 s (see 
figure 3c), 600 s and 900 s (see figure 5).  
We can observe a dramatic evolution on the shape of the nano-fibres. From 300 s to 
600s, these fibres grow continuously and their length increases from 5 to approximately 
10 μm. Under the effect of their extensive length, the nano-fibres seem to slightly bend 
inducing discrete disorientations in regard of the normal of the substrate. The fibres still 
strongly stick together forming a dense network occasionally disturbed by the presence 
of deep cracks.  After 900 s, the coating acquires a radical different morphology. The 
nano-fibres get highly disoriented and entangled and have fused partially together. This 
process results then in the formation of macro-porous titania coatings composed of a 
network of open pores with a diameter of around 200 to 500 nm. These pores 
correspond to the former inter-space between the different nano-fibers. 
The control of the processing time allows therefore the deposition of different nano-
structures from nano-fibers mesh coatings to macro-porous ones. The increase of the 
fiber length with the treatment time proves that the nano-fibers are the result of a 
heterogeneous reaction between the plasma discharge (or gas phase) and the surface of 
the substrate. In homogeneous reaction, the fibers should have kept approximately the 
same length. The bending of the fibers under their own weight disturbs however the 
organisation observed at shorter treatment time.  
6. Conclusion 
The plasma electrolytic deposition process described in this paper is a flexible technique 
for synthesizing nano-structured titania coatings. It offers the opportunity to produce a 
large range of different cristallinities and morphologies, such as nano-wires dense 
coating, granular and macro-pores thick films and high dense uniform deposits, simply 
by acting on the applied voltage, the titanium initial concentration or the treatment time. 
The crystalline titanium dioxide coatings composed predominantly of nano-fibres (with 
a diameter of 200 nm) present a large specific area that can be interesting to produce 
dye sensitized solar cells, gas sensors, photo-catalysts or could be used in photonics or 
nano-electronics due to their unidirectional structure.  
The deposition time (300-900 seconds) for the production of these crystalline nano-
coatings is much lower than those required in the other processing techniques (up to a 
few days). This rapid deposition kinetics, the processing at atmospheric pressure, the 
direct production of crystalline coatings without further post-deposition annealing make 
this technique attractive for future industrial application. 
The next step for the development of this plasma deposition process will be to enhance 
the homogeneity of the titania coatings by reducing the concentration of cracks and 
grooves present in the material. Different alternative are under study: the first point will 
be to control more effectively the thermal kinetics of the system in order to avoid any 
swift thermal gradient that tend to generate strains and failures within the materials. The 
second option is to add a cationic surfactant in the precursor solution in order to 
enhance the adhesion between the substrate and the titanium dioxide coating [28]. 
Finally, a better control and understanding of the plasma discharge physical 
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characteristics and chemistry will be necessary to control and adjust the properties of 
the coatings. 
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CAPTION OF FIGURES  
 
Figure 1: Scheme of the plasma reactor. 1: Cathode support, 2: Anode, 3: Jacketed 
glass vessel, 4: Water inlet, 5: Teflon shield, 6: Solution addition, 7: Thermometer, 8: 
Solution sampling system, 9: Gas exhaust, 10: Treated  Cathode 
 
Figure 2: Evolution of the electric current with the applied voltage (ramp rate: 3 V.s-1, 
max.: 1000 V) in a solution composed of TTIP (40%), ethanol (59.8 %) and HCl (0.2 
%) 
 
Figure 3: SEM picture of the TiO2 coatings produced for 300 s in a solution composed 
of TTIP (40% vol.), ethanol (59.8 % vol.) and HCl (0.2 % vol.) at: (a) 400 V, (b) 500 V, 
(c) 600 V, (d) 700 V. (e) Visible Raman spectra of the TiO2 coatings produced at 
different voltages (A: Anatase, R: Rutile) 
 
Figure 4: SEM picture of the TiO2 coatings produced for 300 s in a solution composed 
of TTIP (60% vol.), ethanol (39.4 % vol.) and HCl (0.6 % vol.) at: (a) 400 V, (b) 500 V, 
(c) 600 V, (d) 700 V 
 
Figure 5: SEM picture of the TiO2 coatings produced at 600 V in a solution composed 
of TTIP (40% vol.), ethanol (59.8 % vol.) and HCl (0.2 % vol.) for: (a) 600 s, (b) 900 s 
